Canopy temperature (Tc), one of the most important plant ecophysiological parameters, has been known to respond rapidly to environmental change. However, how environmental factors-especially the temperature and precipitation pattern-impact Tc has been less discussed for forest stands. In this study, we investigated seasonal variations and responses of the Tc and canopy-to-air temperature difference (∆T) associated with environmental conditions in two subtropical forests with contrasting temperature and precipitation patterns-Dinghushan (DHS) (temperature and precipitation synchronous site: hot and wet in the summer) and Qianyanzhou (QYZ) (temperature and precipitation asynchronous site: hot and arid in the summer). The results showed that Tc exhibits clear diurnal and seasonal variations above air temperature throughout the day and year, suggesting that the canopy of both DHS and QYZ is typically warmer than ambient air. However, the canopy-warming effect was substantially intensified in QYZ, and the difference of ∆T between dry and wet seasons was small (−0.07 • C) in DHS, while it was up to 0.9 • C in QYZ. Regression analysis revealed that this resulted from the combined effects of the increased solar radiation and vapor pressure deficit (VPD), but reduced canopy conductance (g c ) caused by drought in the summer in QYZ. Sensitivity analysis further indicated that the responses of ∆T to VPD and g c changes were quite divergent, presenting negative responses to the enhanced VPD and g c in QYZ, while there were positive responses in DHS. The high productivity coupled with low transpiration cooling that occurs in a temperature and precipitation synchronous condition mainly contributes to the positive responses of ∆T in DHS. This study reveals the seasonal variations, environmental responses, and underlying causes of Tc under different temperature and precipitation patterns, providing useful information for the regional assessment of plant responses to future climate change.
Introduction
Canopy temperature (Tc) is a paramount ecophysiological indicator that affects many ecosystem functions and processes including photosynthesis, respiration, evapotranspiration, and heat exchange [1, 2] . The characteristics of Tc often change rapidly with stomatal conductance and environmental conditions, which further influences the dynamic interactions between the plant and the atmosphere [1, 3] .
Tc has been widely treated as a key plant water status indicator for cropland irrigation management. Recently, an increasing number of studies have begun to focus on the variation of Tc in natural or planted forests. For example, a study of mixed forest stands by Scherrer et al. [4] revealed that responses of Tc to water stress depended on tree species and dense-canopy species exhibited a warmer canopy than open-canopy species. Meier and Scherer [5] quantified the spatio-temporal patterns of Tc in urban forest, and found that a high fraction of impervious surfaces enhanced the increase of plant Tc. Tropical rainforests, subtropical evergreen forests, and savanna forests were found to show different Tc responses to climate change, with a higher sensitivity occurring in tropical rainforests [6, 7] . Forest Tc measurements provide rapid and direct information on the plant water status over a large area [4, 6] . Knowledge of species Tc and how Tc responds to the expected climate change are useful for predictions of changes in the community composition and timber productivity, as well as forest water resource management, for optimizing the benefits of forests [4, 8, 9] . Tc largely depends on the energy balance and is closely coupled with the plant water status. Previous studies have indicated that Tc is approximate to ambient air temperature at the beginning of a drought and is increasingly enhanced as the drought intensifies [4] . Substantial increases of Tc are commonly found in dry seasons or drought years [6, 10] . This infers that water stress coupled with a high temperature drives plants to reduce stomatal conductance and plant transpiration for holding water, thereby warming leaves of the canopy upwards [11, 12] . However, studies of a subtropical montane forest where the temperature was relative cool also pointed out that the dry season only caused weak canopy heating compared to the wet season [6, 7] . This implies that the impacts of the temperature and precipitation condition on Tc are variable among stands, and the responses of Tc to temperature and precipitation factors may also be highly variable; however, the roles of temperature and precipitation factors (especially their pattern) have been less discussed.
The subtropical forest in Eastern Asia is one of the most important biomes, with high rates of carbon sequestration and unique climate characteristics [13] . This area is characterized by a typical monsoon climate, with clear dry and rainy seasons, influenced by monsoons from the Indian and Pacific Oceans. Because of the different influences of the two monsoons, the temperature and precipitation seasonality exhibits a divergent pattern in this region: during the summer, the southern part of this region is warm and rainy, while the southeastern part is warm and dry. We hypothesized that disparate patterns of the temperature and precipitation factors would drive different variations and responses of plant Tc in forest stands. In this study, we integrated Tc measurements from two subtropical forests with contrasting temperature and precipitation patterns in the Asian monsoon region to (1) quantify the differences in magnitude and seasonal dynamics of Tc; (2) examine the dominant factors driving the Tc seasonal variation; and (3) identify the differences in the responses of Tc to radiation, wind speed, and temperature-related factor changes in the two forests. These findings could advance our knowledge of the changes of plant canopy properties that may occur due to future climate change.
Materials and Methods

Site Description
The Dinghushan (DHS) subtropical forest site (23 • 10 16" N, 112 • 31 48" E, 300 m a.s.l.) is located at the DHS Biosphere Reserve in Guangdong Province, southern China ( Figure 1 ). The region is characterized by a typical subtropical monsoon humid climate, with a mean annual temperature of 20.5 • C. The lowest and highest monthly mean temperature is 12.0 • C in January and 28.0 • C in July, respectively. The average annual rainfall is 1700 mm, of which more than 80% falls during the wet season (April-September) [14] . The predominant soil type is lateritic red earth. The soil bulk density is 1.01 g cm −3 at the soil surface of 0-40 cm, with a pH value of 3.8 [15] . The evergreen broadleaved forests are well-protected natural forest dominated by Castanopsis chinensis, Schima superba, Cryptocarya chinensis, Cryptocarya concinna, and Machilus chinensis. The canopy height of the dominant tree species is approximately 22 m and the mean leaf area index (LAI) is approximately 4 [15] (Table 1) .
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Tc and Meteorological Factor Measurements
Flux towers, with eddy covariance systems, were established at the DHS and QYZ sites. An LI-7500 open-path H 2 O/CO 2 analyzer (Li-7500, Li-Cor Inc., Lincoln, NE, USA) and a three-dimensional sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, UT, USA) were mounted at 32 m and 23 m on the DHS and QYZ towers, respectively. An infrared temperature sensor (IRTS-P, Apogee Instruments, Inc., Logan, UT, USA) was installed on each tower to measure Tc. The sensors were aimed at the canopy and positioned at the height of 10.0 m above the forest canopy, with a consistent 28.5 • field of view (FOV). Every 30 min, the average Tc was calculated and stored by a CR10X datalogger (Campbell Scientific Inc., Logan, UT, USA).
Synchronous meteorological factors (air temperature, relative humidity, and wind speed) were measured at the same height as the infrared temperature sensor on both towers. Air temperature and relative humidity sensors (HMP45C, Campbell Scientific Inc., USA) and wind speed sensors (A100R, Vector Inc., Rhyl Denbighshire, UK) were sampled at 2 Hz, and every 30 min, mean values were calculated and stored. A four-component net radiometer (CNR-1, Kipp & Zonen Inc., Delft, The Netherlands) and a pyranometer (CM11, Kipp & Zonen Inc., The Netherlands) were used to measure the downward, upward, and short-and long-wave radiation. In addition, the soil volumetric water content and soil temperature were measured using time domain reflectometry (TDR) probes (CS615-L, Campbell Scientific Inc.) and thermocouples (105T, Campbell Scientific Inc.), respectively. Soil heat flux was measured through two plates (HFT-3, Campbell Scientific Inc.) placed at the depth of 5 cm below the ground. Precipitation was monitored using a rain gauge (52203, RM Young Inc., Traverse City, MI, USA). All meteorological data were calculated at 30 min intervals and stored by the CR10X dataloggers (Campbell Scientific Inc.).
Canopy Conductance
Canopy conductance (g c ) is the weighted integration of a leaf's conductance of trees [18] . Daily g c in this study was calculated by averaging 30 min mean values from 11:00 to 14:00 on fine days, following the Penman-Monteith equation [19, 20] :
where λE is the latent heat flux (W m −2 ); γ is the psychrometric constant, which is a function of the air temperature (kPa K −1 ); s is the slope of relation between the saturated vapor pressure and temperature (kPa K −1 ); R n is the net radiation (W m −2 ); G is the soil heat flux (W m −2 ); ρ a is the air density (kg m −3 ); c p is the specific heat of air (J kg −1 K −1 ); VPD is the air vapor pressure deficit (kPa); and g a is the boundary layer conductance (m s −1 ). The boundary layer conductance (g a ) refers to the shapes of the wind speed, temperature, and humidity profiles in the surface boundary layer. Based on the terms of the Monin-Obukhov similarity theory, g a was calculated as follows [21, 22] :
where u* is the friction velocity (m s −1 ); k is the von Karman constant (0.4); Z r is the reference or measurement height (m); d is the zero plane displacement height (m), which is given as 0.78 h; Z 0 is the roughness length (m), which is given as 0.075 h; and h is the height of the canopy (m).
Sensitivity of Tc to Environmental Factor Change
Based on the atmospheric boundary layer water and energy exchange theory, the sensible heat flux (H) and latent heat flux (λE) can be expressed as [23] 
where T c is the canopy temperature (K), T a is the air temperature (K), r aH is the resistance of heat transport to air (s m −1 ), r v is the total resistance of water vapor to transport (s m −1 ), e s (T 0 ) is the saturated vapor pressure at the surface (kPa), and e a is the vapor pressure in the air (kPa). The water vapor pressure is a function of temperature, and can be transformed by the Penman function as
where VPD is the air vapor pressure deficit (kPa). By combining the above Equations (3)-(5) and the energy balance function, we can calculate the difference between the canopy and air temperature as follows:
where ∆T is the difference between the canopy temperature (T c ) and air temperature (T a ) (K), and r aH is the parallel sum of r aH,forced and r aH,free , which is given as r aH = (r aH,forced −1 +r aH,free −1 ) −1 [12, 23] . r aH,forced and r aH,free were calculated from the empirical relations of Monteith [24] and Jones [12] , respectively:
r aH, f ree = 400
|T c − T a | 0.33 (7) r aH, f orced = 100 D Ws 0.5 (8) where D is the leaf dimension (m); Ws is the wind speed (m s −1 ); and r V is the sum of leaf stomatal resistance (r c ) (s m −1 ) and the boundary layer resistance to water vapor transport r a (s m −1 ), given as r V = r c + r a .
Data Analysis
A curve estimate analysis was performed to examine the relationships between diurnal and seasonal variations of ∆T and each of the potential factors, including the solar radiation (Rg), air temperature (Ta), vapor pressure deficit (VPD), wind speed (Ws), 5 cm soil water content (Swc), and canopy conductance (g c ), and to determine whether the relationship was significant at the level of α = 0.05. The best fit curve was selected by the largest coefficient of determination (R 2 ). 
Results
Seasonal Variation of Meteorological Factors
Seasonal variation of daily meteorological factors, Rg, Ta, VPD, and total rainfall (P), at both sites, are shown in Figure 2 . Rg fluctuated during the entire year (Figure 2a,d) , but no significant differences in the total Rg were found between the two sites ( Table 2) . Ta exhibited a unimodal seasonal pattern, with the maximum Ta occurring in summer (June-August), at both sites (Figure 2b,e ). The mean annual Ta and soil temperature (Ts) at the DHS site were slightly higher than those of the QYZ site. The mean annual Ta and Ts was 20.29 • C and 20.39 • C in DHS and 18.28 • C and 17.77 • C in QYZ, respectively. No significant differences in the mean annual VPD, Swc, and P were found between the two sites ( Table 2 ). However, climate factors showed opposite variation patterns across seasons between the two sites ( Figure 2 and Table 2 ).
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As shown in Table 2 , clear wet and dry seasons were detected at both sites. At the DHS site, about 78% of the P (1354 mm) occurred from April to September (defined as the wet season) and 22% occurred from October to March (defined as the dry season). At the QYZ site, about 67% of the P (1015 mm) occurred from November to June (wet season) and 33% occurred from July to October (dry season). These seasonal variations of rainfall were in line with the long-term records and previous studies for both sites [14, 16] . Radiation and temperature showed opposite relationships with rainfall across seasons between the two sites. The mean Rg in the dry season was about 3.48 MJ m −2 d −1 lower than that in the wet season at the DHS site, while at the QYZ site, the mean Rg was 5.8 MJ m −2 d −1 higher than that in the wet season ( Table 2 ). The mean Ta was accordingly 8.45 °C lower in the dry season compared to the wet season at the DHS site, while it was 11.03 °C higher in the dry season than the wet season at the QYZ site (Table 2) . Therefore, in the dry season, the climate was arid and cool at the DHS site, whereas it was arid and hot at the QYZ site ( Table 2 ). As shown in Table 2 , clear wet and dry seasons were detected at both sites. At the DHS site, about 78% of the P (1354 mm) occurred from April to September (defined as the wet season) and 22% occurred from October to March (defined as the dry season). At the QYZ site, about 67% of the P (1015 mm) occurred from November to June (wet season) and 33% occurred from July to October (dry season). These seasonal variations of rainfall were in line with the long-term records and previous studies for both sites [14, 16] . Radiation and temperature showed opposite relationships with rainfall across seasons between the two sites. The mean Rg in the dry season was about 3.48 MJ m −2 d −1 lower than that in the wet season at the DHS site, while at the QYZ site, the mean Rg was 5.8 MJ m −2 d −1 higher than that in the wet season ( Table 2 ). The mean Ta was accordingly 8.45 • C lower in the dry season compared to the wet season at the DHS site, while it was 11.03 • C higher in the dry season than the wet season at the QYZ site (Table 2) . Therefore, in the dry season, the climate was arid and cool at the DHS site, whereas it was arid and hot at the QYZ site ( Table 2 ).
Diurnal Variations of Tc and Other Factors
Tc showed consistently unimodal diurnal patterns with Ta at both sites ( Figure 3 ). However, the diurnal variation of ∆T was different in the same season between the two sites. In the dry season, the maximum ∆T value occurred at 11:00 at the QYZ site ( Figure 3a) , and it occurred at 13:00 at the DHS site ( Figure 3b ). The nighttime ∆T values at the DHS site were lower than those of the QYZ site, while the daytime ∆T values were higher compared to those of the QYZ site ( Figure 3e ). The maximum ∆T values in the dry season at the QYZ and DHS sites were 3.32 • C and 4.51 • C, respectively, with a higher ∆T value of 1.19 • C at the DHS site (Figure 3e ). In the wet season, the maximum ∆T value occurred at 11:30 and 12:30 at the QYZ and DHS sites, respectively (Figure 3c,d) . A higher ∆T value was exhibited at the DHS site throughout the day. The maximum ∆T value was 2.16 • C higher at the QYZ site compared to that at the DHS site ( Figure 3f ). However, the difference of the maximum ∆T value between the dry and wet seasons was up to 0.9 • C at the QYZ site, while it was small (−0.07 • C) at the DHS site (Figure 3e,f) .
The influencing factors for the diurnal variation of ∆T were further detected by the curve estimate analysis ( Table 3 ). The analysis indicated that Rg, Ta, VPD, Ws, and Swc significantly influenced the diurnal variations of ∆T, whereas Rg was the primary factor affecting the diurnal ∆T during the dry and wet seasons at the two sites (Table 3 ). Rg accounted for over 95% of the variations in ∆T during the dry and wet seasons at the two sites ( Figure S1 ). estimate analysis ( Table 3 ). The analysis indicated that Rg, Ta, VPD, Ws, and Swc significantly influenced the diurnal variations of ΔT, whereas Rg was the primary factor affecting the diurnal ΔT during the dry and wet seasons at the two sites ( Table 3 ). Rg accounted for over 95% of the variations in ΔT during the dry and wet seasons at the two sites ( Figure S1 ). 
Seasonal Variations of Tc and Other Factors
The average Tc from 11:00 to 14:00 was calculated for each day during the study period at both sites. As shown in Figure 4 , Tc showed a clear seasonal variation pattern following that of Ta at both sites. However, ∆T greatly varied across seasons, and the difference of the ∆T value between the dry and wet season was divergent between the two sites. At the QYZ site, the ∆T value in the dry season was 0.82 • C higher than that of the wet season, while at the DHS site, the ∆T value in the dry season was 0.16 • C lower than that of the wet season ( Figure 4) .
The effects of the dominant influencing factors on the seasonal variation of ∆T were further detected and quantified by the curve estimate and nonlinear regression analysis. The analysis indicated that Rg, followed by Ws, were the primary factors affecting the ∆T across seasons at the two sites (Table 4 ). Rg and Ws together accounted for 76% and 78% of the variations in ∆T at the QYZ site, and accounted for 86% and 35% of the variation in ∆T at the DHS site, in the dry and wet seasons, respectively (Table 4 ). In the dry season, ∆T was also impacted by VPD at the QYZ site, and impacted by VPD and g c at the DHS site. Compared with the wet season (ss% = 82.7, and 40.2), meteorological Forests 2019, 10, 902 9 of 14 factors caused larger variation of ∆T in the dry season at both sites (ss% = 90.8, and 91.7), which suggests the close dependence of Tc on climate in the dry season ( Table 4 ). indicated that Rg, followed by Ws, were the primary factors affecting the ΔT across seasons at the two sites (Table 4 ). Rg and Ws together accounted for 76% and 78% of the variations in ΔT at the QYZ site, and accounted for 86% and 35% of the variation in ΔT at the DHS site, in the dry and wet seasons, respectively ( Table 4 ). In the dry season, ΔT was also impacted by VPD at the QYZ site, and impacted by VPD and gc at the DHS site. Compared with the wet season (ss% = 82.7, and 40.2), meteorological factors caused larger variation of ΔT in the dry season at both sites (ss% = 90.8, and 91.7), which suggests the close dependence of Tc on climate in the dry season (Table 4 ). 
Sensitivity of ∆T to Changes in Environmental Factors
By combining the above Tc calculating Equations (6)-(8) and the revealed dominant influencing factors, we could build the model to estimate the variation of ∆T as
where α, β, δ, θ, and ε are model-fitting parameters.
Daily Tc values and environmental factors in the dry season were used for model parameterization and validation at both sites. The results of model validation showed that the simulated ∆T was in good agreement with the observed ∆T ( Figure S2) , and the established ∆T models ( Table 5 ) could predict 86% and 94% of the variation in the observed ∆T for the QYZ and DHS site, respectively.
To explore the differences in responses of ∆T to changes in environmental factors at the QYZ and DHS sites, we further evaluated the variation of ∆T at different conditions of Rg, Ws, VPD, and g c . As shown in Figure 5 , ∆T was very sensitive to the simulated meteorological conditions at the two sites. ∆T increased linearly with increasing Rg. The increase of ∆T was steeper at the DHS site, with an average that was 3.8 • C higher than that of the QYZ site (Figure 5a1,c1 ). However, with a reduced g c level, the increase of ∆T was larger at the QYZ site compared to that at the DHS site, indicating that the relation between Rg and ∆T had a higher sensitivity to the degree of g c at the QYZ site. ∆T decreased non-linearly with increasing Ws, indicating the cooling effects of winds on Tc. The reduction of ∆T at the QYZ site was nearly three times that of the DHS site (Figure 5a2,c2) . ∆T showed a linear response to the increasing VPD, which was consistent with the results of previous studies [6, 23] . However, the responses of ∆T to VPD showed opposite patterns between the two sites (Figure 5a3,c3) . At the QYZ site, ∆T linearly decreased with increasing VPD, while at the DHS site, it showed an increasing trend. The variation of ∆T with increasing VPD was enlarged with the increase of g c . There was a much larger difference of ∆T among the three g c levels at the QYZ site, indicating that the relation between VPD and ∆T was more sensitive to the degree of g c at the QYZ site. Table 5 . Models for assessing canopy-to-air temperature difference (∆T) in the dry season at the QYZ and DHS sites. ( Figure 5a3, 5c3) . At the QYZ site, ΔT linearly decreased with increasing VPD, while at the DHS site, it showed an increasing trend. The variation of ΔT with increasing VPD was enlarged with the increase of gc. There was a much larger difference of ΔT among the three gc levels at the QYZ site, indicating that the relation between VPD and ΔT was more sensitive to the degree of gc at the QYZ site.
Sites
ΔT also showed opposite patterns with increasing gc between the two sites (Figure 5b,d) . At the QYZ site, ΔT decreased nonlinearly with increasing gc, while it increased at the DHS site. At high Rg and VPD, and low Ws levels, ΔT showed the maximum variation with increasing gc. Given the same Rg, VPD, and Ws levels, the variation of ΔT was larger at the DHS site than the QYZ site. Figure 5 . Sensitivity of canopy-to-air temperature difference (ΔT) to changes in environmental factors. The red, green, and blue bands in (a1-a3) and (c1-c3) indicate the different conditions of gc at the maximum gc, 1/4 maximum gc, and 1/10 maximum gc at the QYZ and DHS sites. The red, green, and blue bands in (b1-b3) and (d1-d3) indicate the different conditions of Rg, Ws, and VPD at the QYZ and DHS sites. The red, green, and blue bands in (b1) and (d1) indicate the different conditions of Rg at 800 W m −2 , 600 W m −2 , and 200 W m −2 at the QYZ and DHS sites. The red, green, and blue bands in (b2) and (d2) indicate the different conditions of Ws at 3 m s −1 , 1.5 m s −1 , and 0.5 m s −1 at the QYZ and DHS sites. The red, green, and blue bands in (b3) and (d3) indicate the different conditions of VPD at 3 kpa, 1.5 kpa, and 0.5 kpa at the QYZ and DHS sites. Tc, canopy temperature; Ta, air temperature; ΔT, canopy-to-air temperature difference; Rg, solar radiation; gc, canopy conductance; Ws, wind speed; VPD, vapor pressure deficit; DHS, Dinghushan; QYZ, Qianyanzhou.
Discussion
Our analysis showed that the Tc of the two sites exhibited clear diurnal and seasonal variation above Ta throughout the day and the year, indicating that the canopy of the studied subtropical forests is typically warmer than ambient air. These warming effects are consistent with previous findings in tropical, subtropical, and temperate natural forests, as well as urban forests [4, 6, 7, 23, 25] . By contrast, Asian subtropical forests (2.42-4.58 °C) have a comparable canopy heating effect to ∆T also showed opposite patterns with increasing g c between the two sites (Figure 5b,d) . At the QYZ site, ∆T decreased nonlinearly with increasing g c , while it increased at the DHS site. At high Rg and VPD, and low Ws levels, ∆T showed the maximum variation with increasing g c . Given the same Rg, VPD, and Ws levels, the variation of ∆T was larger at the DHS site than the QYZ site.
Our analysis showed that the Tc of the two sites exhibited clear diurnal and seasonal variation above Ta throughout the day and the year, indicating that the canopy of the studied subtropical forests is typically warmer than ambient air. These warming effects are consistent with previous findings in tropical, subtropical, and temperate natural forests, as well as urban forests [4, 6, 7, 23, 25] . By contrast, Asian subtropical forests (2.42-4.58 • C) have a comparable canopy heating effect to temperate forests (3.5-5 • C), while they exert greater heating effects compared to tropical forests (−0.2-2 • C). Our results also showed that in both the dry and wet season, DHS exhibited a consistently higher Tc-Ta than QYZ. This different warming effect is most likely associated with the different tree species, plant architectures, and leaf sizes of the two sites [1, 4, 26] . The forest of the DHS site is dominated by broadleaved species with a larger leaf size than needle leaves in QYZ. Additionally, the DHS site presents a higher community leaf area index (LAI: 0.4) than that in QYZ (LAI: 3.5). This relatively dense canopy can warm leaves up greatly compared to the open canopy, which is a result that was similarly found by Scherer et al. [4] .
Water stress has been supposed to augment the increase of Tc. Substantial increases of ∆T in the dry season or in drought years are commonly found in studies on croplands and forests [6, 10] . Under water stress, plants most likely reduce stomatal conductance to decrease transpiration, thereby leading to an increase of leaf temperature [11, 12] . This hypothesis is supported by the findings in this study. However, our results showed that the impacts of water stress on Tc were divergent, with different temperature and precipitation patterns. The difference in ∆T between the dry and wet seasons was small (−0.07 • C) in the temperature and precipitation synchronous site of DHS, while it was up to 0.9 • C in the asynchronous site of QYZ. This great heating effect on canopy leaves can most likely be attributed to the following two reasons: (i) the high inputs of Rg and (ii) the reduced g c caused by drought in the dry season.
The regression analysis indicated that Rg was the dominant factor in ∆T variations at both sites. Rg could account for over 95% of the diurnal variations and 59-80% of the seasonal variations in ∆T during the dry and wet seasons ( Table 4 ). With the increase of radiation, Tc appeared to positively increase, demonstrating the evident heating effects of radiation energy on Tc ( Figure 5 ). Comparative results further showed that the mean Rg during the dry season at the QYZ site was 5.8 MJ m −2 d −1 higher than that during the wet season, and it was 5.69 MJ m −2 d −1 higher than that of the DHS site ( Table 2 ). The intensive Rg input on the canopy during the dry season most likely drives ∆T [6, 7, 27] .
Enhanced VPD and decreased g c caused by drought in the dry season may be other reasons for the enhanced increase of ∆T at the QYZ site. We found that there was no significant difference in VPD and g c between the dry and wet season at the DHS site, whereas the VPD and g c during the dry season was significantly increased and decreased, respectively, at the QYZ site ( Figure S3 ). This decreased g c is expected to impede the transpiration and heat dissipation of leaves [4, 12, 23] , resulting in an increase of ∆T at the QYZ site. Our results showed that the sensible heat flux was decreased during the dry season at the QYZ site ( Figure S4 ). Despite the fact that the two sites shared similar climate zones, different temperature and precipitation patterns impacted ∆T and its responses to environmental change. Our results showed that ∆T increased linearly with Rg and decreased nonlinearly with Ws (Figure 5a1-a2,c1-c2 ), which confirmed the warming effect of radiation and cooling effect of wind on Tc [6, 7, 23, 27] . However, we found that the ∆T at the two sites responded differently to the temperature-influenced variables, such as VPD and g c . These different inter-site responses primarily resulted from the divergent temperature and precipitation patterns of the sites, i.e., the arid and hot dry season at the QYZ site, and the arid and cool dry season at the DHS site ( Table 2) .
A previous study has shown that g c increase with temperature in a cold environment and tended to decrease when the environment became warmer [28] . A warm condition with water-deficit plants would decrease g c , thereby increasing the leaf temperature. Conversely, plants in cold areas most likely increase g c to maximize photosynthesis and production. Yan et al. [14] indicated that at the DHS site, the dry season acts as an important period for net carbon uptake, with a mean net carbon uptake that is approximately 81.4% higher than that in the wet season. Our results consistently demonstrated that there was a high ecosystem productivity in the dry season at the DHS site in the studied period ( Figure  S5) . Meanwhile, the low temperature leading to a low VPD and low transpiration rate in the dry season were also found at the DHS site by current and previous studies [29] . As a result, the high productivity and low transpiration cooling during the dry season jointly contributed to the positive response of ∆T to g c at the DHS site. Assuming that the seasonal droughts continue to intensify in the Asian subtropical region, as predicted in global warming scenarios [30] [31] [32] , the Tc may increase further in the temperature and precipitation asynchronous sites, impacting plant growth and ecosystem productivity. Therefore, maintaining the water balance under forest management is strongly needed for sites with seasonal droughts.
Conclusions
Measurements of infrared canopy temperature provided a useful understanding of the plant response to environmental changes in different forest ecosystems. This study indicated that the canopy of subtropical forests is typically warmer than ambient air. The canopy-warming effect was intensified at the temperature and precipitation asynchronous site. This enhanced increase of canopy-to-air temperature difference primarily resulted from the higher solar radiation inputs and enhanced vapor pressure deficit, as well as the reduced canopy conductance caused by drought, in the dry season. Moreover, the canopy-to-air temperature difference presented consistent linear responses to solar radiation and nonlinear responses to wind speed, while exhibiting the opposite responses to temperature-controlled factors (vapor pressure deficit and canopy conductance) under the influences of different temperature and precipitation patterns. This study suggests that despite the similar climate zones, the pattern of the temperature and precipitation condition crucially affects the canopy-warming effect and its response to environmental change. In order to more accurately predict plant responses to environmental change, this impact needs to be taken into account.
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